Abstract. Gasification of dry palm oil empty fruit bunch (EFB), by using a temperatureprogrammed instrument was performed to determine the amount of synthesis gas produced. Dry and finely crushed EFB was pre-mixed with calcium oxide. Temperature-programmed gasification (TPG) was done at temperature from 50 o C -550 o C and also from 50 o C -700 o C using 5% oxygen in He. Both experiments were held for 1hr at the final temperature. The products were monitored using an online mass spectrometer. Major products detected from this reaction were H 2 , CO, CO 2 and CH 4 . The effect of calcium oxide amount (CaO : EFB ratio) was also investigated. A very significant increase of H 2 and CO was observed when nano-sized calcium oxide was used as catalyst compared to bulk one. Reaction at 700 o C using nano-sized CaO reduces the production of carbon dioxide during gasification. The characteristics of the catalyst used were analyzed by using XRD and XPS show some significant changes from CaO to CaCO 3 .
Introduction
Concerns over increasing global warming and other environmental issues drive more studies done to produce 'healthier' and 'cleaner' energy sources. The underutilized lignocellulosic biomass has been recognized as the clean and renewable source for fuels. Gasification process is one of the main routes to produce fuel from biomass. In this process, biomass is thermochemically converted into a combustible gas mixture consisting of H 2 , CO, CH 4 and CO 2 , at high temperature through partial oxidation [1] . The choice of gasifying agents, method of operation and process operating conditions will determine the gas quality produced. For example, by using air and mixture of steam/air, gives low calorific value of the syngas produced. If oxygen and steam is used, calorific value of the syngas will increase and can be used as feedstock for further conversion into basic chemicals such as methane and methanol [2] . Syngas with a H 2 /CO ratio > 1 is much favorable for synthesis of hydrocarbon fuels or methanol [3] .
Malaysia is one of the largest producers of palm oil. Palm biomass generated from the palm oil mills is about 31.94 million tonnes, which comprise of fibre, shell and empty fruit bunches [4] . In most palm oil mills, fibre and shell mixture is used as fuels to generate steam and electricity for internal consumption. As for palm empty fruit bunches, they need to be treated to reduce the size and moisture content, before being utilised any further.
The purpose of this study is to determine the potential of palm oil empty fruit bunches which is abundant in Malaysia, to produce syngas by using partial oxidation gasification method and to determine the potential of calcium oxide as the catalyst in the gasification process.
Experimental Materials and Method
Oil palm empty fruit bunch (EFB) was used as the biomass feedstock was initially ground and sieved to a particle size of < 250 µm. The properties of EFB are shown in Table 1 . Both bulk size calcium oxide powder (ChemPur) and nano size CaO powder (45 nm; SigmaAldrich) were used as received. Approximately 0.3 g of EFB was mixed with the desired amount of CaO. Temperature Programmed Gasification (TPG) was carried out by using a ThermoFinnigan TPDRO 1110 instrument online with a mass spectrometer (Pfeiffer OmniStar) capable of monitoring multiple-masses continuously with time was used to detect the output gas composition. The instrument was first purged with helium before any gasification took place. A mixture of 5% oxygen in helium was used during gasification process with flow rate of 10 ml/min. Gasification of the EFB was done at temperature ranges from 50 After maximum temperature was reached, temperature was hold for 1 hour. Products detected by mass spectrometer were H 2 , CO, CO 2 and CH 4 by following m/z 2, 28, 44 and 16, respectively. The ratios by mass of CaO to EFB studied were 1:5, 1:10, 1:20, 1:50 and 0:1(no CaO added). The solid residues were analyzed by X-ray diffraction (XRD, Bruker AXS D8 Advance) and X-ray Photoelectron Spectrometer (XPS, Kratos Ultra-XPS).
Results and Discussions
Effect of CaO:EFB Mass Ratio. Figure 1 shows the evolution of H 2 during temperatureprogrammed gasification (TPG) carried out from 50 ºC to a different maximum temperatures i.e 550 and 700ºC. A significant increase of H 2 production was observed for gasification using nanosized CaO (Fig. 1a) compared to bulk CaO catalyst, (Fig. 1b) at 550 o C. In both cases, mass ratio of CaO:EFB of 1:5 showed the best ratio in generating high production of H 2 . Meanwhile, for higher maximum temperature of 700 o C, better production of H 2 can be observed. Fig. 1d showed that when nanosized CaO catalyst was used, with a CaO:EFB ratio of 1:5 and 1:10 showed similar amount of H 2 produced compared to the bulk catalyst (Fig. 1c) . 
X-ray and Related Techniques
Production of H 2 and CO 2 cumulatively is shown in Figure 2 . In this figure, bulk CaO with ratio 1:5 able to enhance the production of H 2 and consequently reduced the amount of CO 2 . As for nanosized CaO, an increase of CaO:EFB ratio from 1:10 to 1:5 did not have any significant increase of H 2 production as well as reduction of CO 2 production. This indicates that for nanosized CaO, ratio 1:10 is sufficient for the maximum production of H 2 at 700 o C, whilst for bulk CaO, ratio 1:5 or more is needed for maximum H 2 production.
Effect of Temperature. When bulk CaO was used as catalyst, it clearly showed (Fig 3) product gases increased when temperature increased from 550 o C to 700 o C. And when nano CaO was used instead (Fig 4) , all product gases increased especially H 2 /CO ratio. Even without CaO, the gases product increased when the temperature increased. This shows that temperature plays an important role in gasification process of biomass in determining the H 2 /CO ratio . This is in agreement with previous studies done [5] [6] [7] [8] . (1) In Fig. 6(a) peaks corresponding to CaCO 3 are more at temperature 700 o C than at 550 o C. This indicates that at 700 o C, more CO 2 able to be absorbed compared to at 550 o C. However, residues from gasification that used nano CaO showed different pattern of peaks as in Fig.6(b) . At both temperatures, it showed the peaks corresponding towards CaCO 3 are about the same. This interestingly indicates that nano CaO is able to absorb more CO 2 at temperature as low as 550 o C. As for the reaction (1) is a solid-gas phase reaction, CO 2 capture by CaO takes place at the active site of the internal and external surface of the CaO [7] . Although temperature plays an important role for the absorption of CO 2 , but because of the nano size CaO used (45nm), a lot of active sites exist and able to absorb CO 2 . Residue of nano CaO
XPS Analysis
The narrow scan spectra of element Ca 2p for residue samples are shown in Fig.7 .
The results show that Ca compounds that exist in the residue are CaO, CaCO 3 and CaSO 4 with binding energy in the range of 346.1-346.9eV, 346.5-347.2eV and 347.8-348.3eV, respectively [9] . If we refer to the intensity of the peaks, it shows that at temperature 700 o C higher intensity for CaCO 3 . This indicates that more CO 2 has been absorbed by nano CaO to form more CaCO 3 . This result is in agreement with the XRD spectrum discussed earlier. 
X-ray and Related Techniques

Summary
Palm oil empty fruit bunches was gasified using 5% oxygen in helium as the gasifying agent with various operating conditions. CaO was used as the absorbent as well as the catalyst for the gasification process. The results showed that high production of H 2 can be obtained from palm oil empty fruit bunches in dry conditions when gasification temperature is 700 o C with CaO:EFB ratio is 1:5. The usage of nanosized CaO as catalyst increased the production of H 2 by about 56% compared to bulk CaO. However, the high production of CO 2 needs to be decreased further by controlling operating conditions and modified catalysts.
